Study design Longitudinal, randomized study. Objectives (1) Test the safety and feasibility of a ketogenic diet (KD) intervention in the acute stages of spinal cord injury (SCI), (2) assess the effects of a KD on neurological recovery, and (3) identify potential serum biomarkers associated with KD-induced changes in neurological recovery. Setting Acute care and rehabilitation facility. Methods The KD is a high-fat, low-carbohydrate diet that includes ≈70-80% total energy as fat. Seven participants with acute complete and incomplete SCI (AIS A-D) were randomly assigned to KD (n = 4) or standard diet (SD, n = 3). Neurological examinations, resting energy expenditure analysis, and collection of blood for evaluation of circulating ketone levels were performed within 72 h of injury and before discharge. Untargeted metabolomics analysis was performed on serum samples to identify potential serum biomarkers that may explain differential responses between groups.
Introduction
There is an urgent need for innovative therapies that improve neurological recovery following spinal cord injury (SCI). Despite extensive research, clinical advancements, and improved rehabilitation strategies, SCI continues to be a significant cause of disability and mortality [1] [2] [3] . After the initial injury, the damaged spinal cord undergoes multiple secondary pathological states that present important therapeutic targets for development of neuroprotective strategies for treatment of SCI.
A wide variety of evidence [4] [5] [6] [7] [8] [9] [10] suggests that the ketogenic diet (KD) may have beneficial disease-modifying effects in a broad range of neurological disorders characterized by hyperexcitability and death of neurons. The diet is composed of 80-90% fat, with carbohydrate and protein constituting the remainder of the nutrient intake.
Energy is largely derived from oxidation of dietary fats. These fats are converted to the ketone bodies, β-hydroxybutyrate (BHB), acetoacetate, and acetone, which serve as an alternative energy source to glucose. Although the exact mechanism by which the diet provides neuroprotection is not fully understood, its effects on cellular energetics likely play a key role [10] [11] [12] [13] . KDs increase circulating levels of ketone bodies, a more efficient fuel for the brain, resulting in enhanced capacity for energy production and an improved ability of neurons to resist negative metabolic challenges [14, 15] . Additionally, biochemical changes induced by the diet-including ketosis, high serum fat levels, and low serum glucose levels-may contribute to protection against neuronal death by apoptosis [16] and excitotoxicity [17] through a multitude of additional mechanisms, including antioxidant [12, 18] and antiinflammatory [19] actions. Neuroinflammation [20, 21] , excitotoxicity [22] , and apoptosis [23] are thought to be major mechanisms that contribute to secondary injury following SCI, thus protection against this sequelae via KD could produce a significant benefit in neurological recovery after SCI. A study showed that rats with cervical SCI showed a reduction in the lesion size and improved forelimb function when a KD was started 4 h after injury [24] . This effect was specific, as the neuroprotective effects could be ablated by treatment with a ketone transporter antagonist.
Emerging evidence also suggests that acute-phase hyperglycemia is a critical factor in the poor functional outcomes of SCI [25, 26] . The presence of hyperglycemia ( ≥ 126 mg/dL) on hospital admission (irrespective of past diabetes mellitus history) was found to be strongly associated with a lower probability of improvement in motor and sensory function. Results of preclinical studies have indicated that hyperglycemia exacerbates inflammatory cytokine production, neural cell apoptosis, and demyelination during acute SCI in rodents [25] . These findings have shed light on the importance of achieving tight glycemic control in acute human SCI to obtain better neurological outcomes.
To extend these results, the aims of this pilot study were to (1) test the safety and feasibility of a KD intervention in an acute care setting (2), assess the effects of a KD on neurological recovery, and (3) employ untargeted metabolomics analysis to identify potential serum protein biomarkers associated with KD-induced changes in neurological recovery in individuals with acute SCI.
Methods

Study design, protocol and participants
Using a randomized, repeated-measures study design, seven participants (2 F and 5 M, 35 ± 12 y) with acute complete and incomplete (with anterior cord syndrome) SCI (American Spinal Injury Association Impairment Scale (AIS) A-D) were randomly assigned into one of the two study groups (KD and standard diet [SD]) at a 1:1 ratio. The neurological level of injury (NLI) ranged from C4 to T11. As patients with Brown-Sequard and Central Cord Syndromes were shown to have more favorable prognoses [27, 28] , they were not eligible for participation. Initially, there were two motor-complete (AIS A and B) and two motor-incomplete (AIS C) patients in the KD group compared with one motor-complete (AIS A) and two motorincomplete (AIS C and D) patients in the SD group. Individual patient characteristics can be found in Table 1 .
Patients were taken to acute care after injury. Neurological examinations, resting energy expenditure (REE) analysis, and blood collection were performed within 72 h of injury (after the initial trauma evaluation and resuscitation) and again before discharge from the rehabilitation hospital. Neurological tests were all performed by the same American Spinal Injury Association (ASIA) In-Step certified Physical Medicine and Rehabilitation clinician at baseline (at least 24 h after injury) and before discharge. The Sacral Sparing definition was used to define the completeness of injury [29] . Following acute care (16 ± 9 days for KD vs. 16 ± 6 days for SD), patients were transferred to the Spain Rehabilitation Center (SRC) for in-patient rehabilitation care (20 ± 6 days in KD vs. 18 ± 1 in SD). We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during the course of this research.
Interventions
Diet
The KD was a high-fat, low-carbohydrate diet that included ≈72% total energy as fat, ≈25% as protein, and ≈3% as carbohydrate during enteral feeding and ≈65% total energy as fat, ≈27% as protein, and ≈8% as carbohydrate and fiber during solid feeding. The SD included ≈35% total energy as fat, ≈27% as protein, and ≈44% as carbohydrate and fiber. None of SD participants received enteral feeding. Dietary fat sources focused on animal and vegetable (for vegetarians) fats. Dietary protein sources included animal, plant, and nut and seed proteins, and dietary carbohydrate resources included vegetarian and vegan sources. KetoCal®, a nutritionally complete, ready-to-feed ketogenic formula in a 3:1 ratio (fat:carbohydrate + protein), was provided by Nutricia for the patients who receive enteral nutrition. All semi-liquid and solid food were provided by the UAB Hospital Kitchen and Clinical Research Unit (CRU)'s Bionutrition Unit every day of the week. The overall energy amount was determined based on the REE, assessed via indirect calorimetry and multiplied by an activity factor. All patients in KD group adhered to the prescribed diet. Adherence to diet was closely monitored by the study team by measuring serum BHB levels once a week. Individual BHB data can be found in Table 1 . Blood concentration of 0.5-3 mM (nutritional ketosis) was considered safe and acceptable. Adherence was also assessed using food records.
In-patient rehabilitation care
Patients in both groups underwent an intensive rehabilitation program (standard of care in the SRC). Therapies were offered 5.5 days/week for a total of 15 h per week. Rehabilitation care focused on respiratory therapy, passive and active range of motion, neuro-muscular re-education, mobility, transfers, wheelchair mobility skills, bowel and bladder management, tone and spasticity management, and skills for performing other activities of daily living.
Clinical tests
Motor and sensory examinations
Testing was performed according to the International Standards for the Neurological Classification of Spinal Cord Injury [30] . The average number of hours from injury to baseline (pre-intervention) measure was 67.8 ± 5.1. The AIS Motor Index Score was used to measure motor function in the upper and lower extremities. For the sensory examination, each dermatome was tested for both sharp (pin-prick) and light-touch (LT) sensation and was graded on a threepoint scale. In addition, changes in neurological level of injury (NLI) and AIS classification were determined at discharge. One examiner performed all examinations and was blinded to the condition of the diet.
Laboratory tests
Blood collection
After a 10-to 12-h fast, blood samples were collected for measurement of serum glucose and lipid (cholesterol, triglycerides, high-density, and low-density lipoprotein) levels at baseline (within 72-h injury) and discharge. Serum glucose and lipids were analyzed using an automated glucose analyzer (Sirrus analyzer; Stanbio Laboratory; Boerne, TX, USA) as per manufacturer's instructions. Lipid analysis was done on six patients due to limited amount of sampled blood in the SD group. In addition, blood samples were collected for measurement of blood ketone (BHB) levels once a week, 2 h after first meal of the day. An automated analyzer (Sirrus analyzer; Stanbio Laboratory; Boerne, TX) 
Statistical analyses
Statistical analyses were performed using SAS, version 9.4 (SAS Institute, Inc.; Cary, NC). Mixed-model, repeatedmeasures analysis of variance was used to assess the effects of group (KD, SD), time (pre-, post-intervention), and the group-by-time interaction on the outcomes of interest (motor and sensory scores and peak intensities of variable importance in projection [VIP] scores from the metabolomics analysis). A compound symmetry covariance matrix was assumed for analyses. Due to the small sample size and pilot nature of the current study, post hoc comparisons were performed without adjustment for multiple pairwise comparisons. Statistical tests were two-sided, and p-values <0.05 were considered statistically significant.
Results
BHB, glucose and lipid concentrations
As expected, the KD group maintained nutritional ketosis ( 
Motor and sensory examinations
In 86% of our patients (5 of 7), there was no change in NLI between the initial assessment (within 72 h of injury) and at discharge (5 ± 2 weeks post-injury). Two patients in the KD group demonstrated improvements in the NLI and AIS classification (T10 AIS A to T11 AIS B and C4 AIS C to C5 AIS D). Individual upper and lower-extremity motor scores (UEMSs and LEMSs), LT and pin-prick sensory scores at baseline and discharge are shown in Fig. 1a- LEMS points recovered in the SD group. In addition, no effect of time and group was observed in sensory outcomes (LT or pin-prick scores).
Untargeted metabolomics analysis
Using XCMSonline, peaks containing individual ions were aligned according to their retention times. Multivariate analysis (unsupervised principal component analysis) and supervised partial least squares-discriminant analysis (PLS-DA) were performed to assess chemometric separation among the SD and KD samples. PLS-DA showed a separation of the control and KD groups (Fig. 2a, b) . Identified by VIP analysis as ions most contributing to the separations seen in Fig. 2a, b were characterized by having high m/z values (600-800) and being doubly charged ions, thereby suggesting masses in the 1200-1600 Da range. These ions and their MS/MS spectra were analyzed using Protein Pilot™, which revealed that they were fibrinogen-related peptides (Fibrinogen alpha and beta subunits) ( Table 2 ). Compared with the SD, contents of these peptides were decreased in the KD group. Inspection of the remaining ions in the VIP data using the METLIN database revealed the presence of lysophophatidylcholine 16:0 (LysoPC 16:0). Compared with the SD, contents of LysoPC was increased in the KD group.
Discussion
The primary finding of this pilot project is that a KD intervention was safe and feasible to be administered in the acute care setting for individuals with SCI as nutritional ketosis and normoglycemia were safely achieved, normal lipid levels were maintained, and no adverse effects were noted. Secondarily, UEMSs were higher (p < 0.05) in the KD group compared with the SD group. In addition, levels of fibrinogen, a pleiotropic blood protein that is known to regulate neuroinflammation, were lower, and levels of lysoPC 16:0, an anti-inflammatory lysophospholipid, were higher in the KD group compared with the SD group. On average, patients in the KD group recovered 28 motor points (UEMS = 15 pts; LEMS = 13 pts) compared with 12 motor points for the SD group (UEMS = 4 pts; LEMS = 8 pts) over the course of this study (5 ± 2 weeks). The typical recovery pattern in SCI has been reported to be a rapid increase in motor scores from 1 week to 6 months, followed by a slower rate of change from 6 months to 1 year [34, 35] . We were encouraged by the fact that the recovery in motor points in the KD group over the course of 5 weeks (average stay in the hospital) was greater than or equal to the spontaneous recovery gains typically reported 6 months to 1 year after injury. Previous studies [35] [36] [37] [38] have shown that patients with motor-complete and -incomplete injuries experience an 18-28 motor point recovery on average (UEMS = 8-11 pts; LEMS = 8-19 pts). These studies included patients with Brown-Sequard [27, 28] , which is typically associated with more favorable prognoses. Therefore, it is possible that the recovered points reported in these studies may be higher compared with studies, which only included complete or incomplete injuries including anterior cord syndrome.
With respect to sensation, the patients in the KD group recovered 13 points for LT and 16.5 points for pin-prick, compared with 5.5 points for LT and 7.5 points for pinprick in the SD group (Fig. 1c) . The results of the SD group are consistent with previous studies [36] [37] [38] in acute SCI that reported an average recovery of 6-10 points for LT and 6-12 points for pin-prick sensation 6 months to 1-year postinjury. However, the KD group demonstrated greater LT and pin-prick recovery at only 5 weeks post-injury compared with both the SD group and previous studies. In addition, two patients in the KD group demonstrated improvements in the NLI (T10 AIS B to T11 AIS B and C4 AIS C to C5 AIS C). The greatest proportion of spontaneous AIS grade conversions has been shown to be evident between 12 and 16 weeks) [34, 35] ; therefore, the early conversions in AIS grades may be due to the effect of KD.
Motor and sensory improvements in the present study should be interpreted cautiously as the injury levels and completeness were not balanced among KD (2 AIS C, 1 AIS A and 1 AIS B) and SD (1 AIS A, 1 AIS B, and 1 AIS D) groups despite randomization. Patients with AIS C have been shown to gain more points compared with other AIS grades. Consistent with this finding, one subject who was an AIS D in SD gained fewer points than those with AIS grade C in KD group due to a possible ceiling effect in AIS D injuries. In addition, the International Standards for the Neurological Classification of Spinal Cord Injury assessment tool has practical limitations. It may be difficult to perform an accurate neurological test due to sedation or pain after surgery or due to pain caused by chronic conditions such as carpal tunnel syndrome. In the present study, none of the patients were sedated or in pain, and all patients were fully cognizant during motor and sensory examinations, minimizing these confounders. However, one patient in the KD group (Table 1 , patient code: #02) presented with carpal tunnel syndrome at admission. Although carpal tunnel syndrome was not treated during rehabilitation care, it may have impacted the patient's performance during neurological tests at baseline and discharge due to weakness in hand and fingers. In addition, examiner effects may be introduced if more than one examiner performs neurological testing. One certified examiner conducted all assessments over the course of the study to eliminate examiner effects.
To gain further insight into the mechanisms that underlay the differential neurological recovery between the KD and SD groups, we performed an untargeted metabolomics analysis to identify potential serum biomarkers associated with changes in neurological recovery. Although the intent of the metabolomics analysis was to detect small molecule compounds that are part of metabolic pathways, in this case the most significant VIP ions had masses (m/z) that were above 600. When examined more closely, these ions had 1-13C-ions that were spaced at 0.5 m/z, i.e., they were doubly charged. Their MSMS spectra suggested that they were peptides. Analysis with the proteomics software (Protein Pilot™) confirmed this and further revealed that each peptide (see in the Table 2) was derived from proteins, fibrinogen (alpha and beta subunits) and lysoPC 16:0. Furthermore, not only were positively charged peptide ions detected, but also their negatively charged counterparts. Although we can only speculate as to the mechanisms connected to these observations, it is possible that low fibrinogen and high lysoPC 16:0 levels in the KD group may have promoted neuroprotection, thus improving neurological recovery. There is abundant evidence [39] [40] [41] that fibrinogen is present in the nervous system after traumatic injuries characterized by vascular rupture or disruption of the blood-brain barrier in the central nervous system. Rupture of the vasculature allows entry of blood proteins into nervous system tissue, which is shortly followed by edema and neural damage. Fibrinogen interacts with cell surface receptors expressed by microglia, and activation of microglia by fibrinogen has been shown to initiate neuroinflammation at sites of vascular injury. In addition, growing evidence [42] [43] [44] suggests that lysoPCs can reduce systemic inflammation in rodent models of sepsis and ischemia, as well as human chronic inflammatory disorders like ulcerative colitis. Under conditions of severe inflammatory stress, activity of plasma phospholipase A2 (sPLA2), an enzyme associated with the activity of the innate immune system and inflammatory disorders, increases. Systemic lysoPCs help to shift the balance back toward sPLA2 inhibition and cytoprotection. Thus, taken together, these results suggest that anti-inflammatory effects of the KD, such as decreased fibrinogen and increased lysoPC 16:0 levels, may have promoted neuroprotection, thereby improving neurological recovery. Our findings are consistent with previous work in animals demonstrating a potential link between KD, anti-inflammatory mechanisms in the central nervous system, and modification of the progression of neurological disease. For example, the high fatty acid load associated with a KD has been shown to activate peroxisome proliferator-activated receptor α, which may, in turn, have inhibitory effects on the proinflammatory transcription factors nuclear factor-κB and activation protein-1 [19] .
Emerging evidence suggests that acute-phase hyperglycemia is a critical factor in the poor functional outcomes of SCI [25, 26] . Surprisingly, enteral and solid diets in SCI acute and sub-acute care have traditionally promoted high carbohydrate nutritional content (carbohydrate: 45%; fat: 30%, and protein: 25%). The presence of hyperglycemia on hospital admission (irrespective of past diabetes mellitus history) was found to be strongly associated with a lower probability of improvement in neurological function [25] . The ability of a KD to ameliorate the diabetic state and help stabilize hyperglycemia has been repeatedly shown in human studies [45, 46] . Consistent with this literature, there was an overall reduction in fasting glucose in the KD group. One patient (Table 1, patient code: #07) admitted with hyperglycemia (fasting glucose: 178 mg/dL) achieved normoglycemia (fasting glucose: 115 mg/dL) following the KD intervention. The results of our study suggest that the KD may be safe to administer in patients with hyperglycemia and promote a normal glycemic state following SCI.
The greatest limitation of our study is the small sample size. We are aware that this pilot study is insufficiently powered to detect minimal, but clinically important differences, as well as other potential biomarkers reflective of neurological recovery. In addition to the treatment under investigation, the primary outcome variables may have been influenced by other covariates, such as NLI, severity of injury, sex, age, and rehabilitative therapies and that cannot be accounted for in the present study due to the small sample size. Future studies with larger sample size are warranted for demonstrating efficacy of KD for improving neurological recovery in the acute stages of SCI.
